ABSTRACT The objective of this study was to investigate the effect of the counter-ion (cation) on the recovery of human skin impedance after iontophoresis in vivo. A series of metal chloride aqueous solutions (NaCl, KCl, CaCl 2 , and MgCl 2 ) was investigated: first at the same concentration (133 mmol/L) and then at the same ionic strength as a NaCl solution at 133 mmol/L. The influence of hydration alone was also examined as a control. The recovery of human skin impedance was followed in the frequency range 1-1,000 Hz, over a 30-minute period after iontophoresis during which 3 impedance spectra were recorded. The results revealed that at t = 30 minutes post-iontophoresis, skin impedance was approximately 3 times greater than the value immediately after the cessation of current passage. However, the results showed that the nature of the cation had no effect on recovery, regardless of whether the ions were at the same concentration or at rhg@pharma1.cur-archamps.fr; kalia@pharma1.curarchamps.fr; curdy@pharma1.cur-archamps.fr an equivalent ionic strength. A simple parallel RCequivalent circuit model for skin was used to determine the resistive (R) and capacitive (C) contributions to skin impedance. An analysis of variance on the calculated R and C values did not show any differences between the electrolytes used at the 2 different ionic strengths.
INTRODUCTION
The stratum corneum (SC), the outermost 10-20 μm of the epidermis, is generally recognized as the principal barrier to transdermal drug transport (1, 2) . The lipid-protein matrix of the SC not only restricts the passive diffusion of lipophilic molecules but also severely limits the transport of hydrophilic compounds across the membrane. Therefore, several techniques have been examined for their ability to increase drug penetration through the SC and thereby extend transdermal drug delivery to a wider range of molecules. Of these, iontophoresis, which involves the application of a low-level current (<0.5 mA/cm 2 ) across the skin, provides a highly controllable means of enhancing molecular transport (3, 4) . However, the future development of this technique must ensure that it does not provoke unacceptable side-effects and that skin barrier integrity is not compromised.
Relatively few studies have addressed the assessment of post-iontophoretic barrier function in vivo (5, 6) . In our work, impedance spectroscopy, a noninvasive biophysical tool (7) , has been used to evaluate the electrical properties of the skin. Yamamoto and Yamamoto have demonstrated in vivo (8) that the skin's electrical resistance resides primarily in the SC: skin impedance decreased as layers of the SC were sequentially removed by tape stripping. Normally, human skin in vivo is characterized by relatively high impedance. If the barrier function is reduced in some way, the skin becomes more permeable and the passage of ions into and across the SC is more facile, thereby leading to a decrease in impedance (9) . The utility of in vivo impedance measurements for the characterization of the barrier function has been established (8, (10) (11) (12) (13) . Kalia and Guy (11) recently investigated the effects of iontophoresis on the electrical characteristics of human skin in vivo. The influence of iontophoretic current density, duration of current application, and hydration were studied. The authors noted that increasing both current density and time of application caused a greater impedance drop and delayed the post-iontophoretic recovery. Another factor of importance is the composition of the electrolyte used in the iontophoretic experiment; in particular, bearing in mind the skin's net negative charge and consequent permselectivity, the nature of the cations present in a drug-containing formulation is of particular relevance. These ions may be present to enhance drug stability and hence improve delivery; however, they also compete with the drug to carry the charge flowing across the skin and may reduce, therefore, the extent of iontophoretic drug delivery. In another sense, the nature of the electrolyte may also affect the recovery of skin impedance postiontophoresis, and cations that favor this process would be considered valuable formulation components. The earlier study (11) , for example, suggested that the return of skin impedance towards pre-iontophoretic levels was apparently favored by calcium as compared to sodium. It has also been suggested that the disruption of ion gradients within the epidermis may impair skin barrier function and may be manipulated to play a role in altering the membrane's permeability (14) .
The principal objective of this work was to extend our preliminary measurements to a larger group of cations and to determine whether skin impedance recovery is related to ion charge or to other physical properties of the ion involved, such as ionic mobility, ionic radius, or molecular weight. Therefore, we have evaluated the effect of a series of metal chlorides on the recovery of human skin impedance in vivo after iontophoresis. In addition, we examined the impact of ionic strength on the rate of recovery. Finally, to control for the effect of hydration alone, impedance was also monitored when the skin was bathed in an electrolyte solution without passage of an iontophoretic current.
MATERIALS AND METHODS

Chemicals
CaCl 2 and MgCl 2 were obtained from Aldrich Chemical (Gillingham, England). NaCl was purchased from Fluka Chemie AG (Buchs, Switzerland) and KCl from Sigma Chemical (St. Louis, MO). Deionized water (resistivity $18 mol/L ȍcm ) purified by a Millipore System (Milli-Q Ufplus; Bedford, MA) was used to prepare all solutions.
Electrodes
Ag/AgCl electrodes were used for the application of both the alternating current, required for the impedance measurements, and the iontophoretic current.
The electrodes were prepared by dipping silver wire (1 mm diameter, 99.99% pure, Aldrich Chemical Company) in molten AgCl. Afterwards, they were immersed in 133 mmol/L NaCl and conditioned against a Pt cathode for approximately 12 hours at an applied current of 0.1 mA/cm 2 .
Human Subjects
The studies were conducted in healthy volunteers (age 24-32 years), with no history of dermatological disease. They were required to maintain the skin sites under investigation (on the ventral forearm) free from application of topical formulations. Informed consent was obtained from all participants. We used both the right and left arms, previous studies having shown that there was no significant difference in passive skin impedance between corresponding sites on both arms. The study was approved by the Commission d'Ethique, Département des Neurosciences Cliniques et Dermatologie, Hôpitaux Universitaires de Genève.
Experimental Apparatus
The equipment used to record the impedance spectrum of the skin in vivo was identical to that used in our previous study (11) .
Experimental Procedure
Two glass chambers (1.76 cm 2 area, 2 cm apart) were adhered to the ventral forearm of healthy human volunteers and were rendered watertight by the application of silicone grease. The chambers were filled with 2.8 mL of electrolyte solution into which Ag/AgCl electrodes were inserted. A series of metal chlorides (NaCl, KCl, CaCl 2 , and MgCl 2 ) was investigated at both the same concentration (133 mmol/L, pH: 5.8, 5.7, 10.2, and 9.5, respectively) and the same ionic strength (133 mmol/L NaCl or KCl, 44.3 mmol/L CaCl 2 or MgCl 2 , pH: 5.8, 5.7, 8.2, and 6.7, respectively). An initial impedance spectrum (passive impedance) was recorded over the frequency range 1-1,000 Hz. Next, the skin was allowed to hydrate for 20 minutes. An iontophoretic current of 0.1 mA/cm 2 , delivered using a Kepco Power Supply APH 100 M (Flushing, NY), was then applied for 15 minutes. Further impedance measurements were performed immediately after stopping the iontophoretic current flow and at t = 30 minutes after iontophoresis. The experiments were conducted in an air-conditioned room at an ambient temperature of 22° to 24°C.
A control experiment was also performed to evaluate simply the effect of hydration on skin impedance. After recording an initial impedance spectrum, the skin was hydrated for 65 minutes (ie, the total duration of the iontophoretic experiments) using either 133 mmol/L NaCl, 133 mmol/L CaCl 2 , or 44.3 mM CaCl 2 . Subsequently, a second impedance spectrum was measured.
RESULTS AND DISCUSSION
The recovery of skin impedance following iontophoresis from several metal chloride solutions at a fixed concentration of 133 mmol/L is shown in Figure 1 . The data are expressed as relative impedance (Z rel ) as a function of frequency. Z rel is the absolute value of skin impedance (at each frequency) divided by the impedance at 1 Hz measured immediately after the termination of iontophoresis. On average, there is a 2.5-to 3-fold recovery of the low-frequency skin impedance (ie, resistance) within 30 minutes of the termination of iontophoresis. However, the differences in the recovery observed for the different metal cations employed are negligible. Similarly, the Z rel versus frequency profiles are essentially superimposable. Figure 2 presents the corresponding results obtained under conditions of constant ionic strength. The recovery of Z rel is very similar in profile and magnitude to that presented in Figure 1 , and, again, there is no distinction apparent between the different metal cations used. When the raw impedance data at the lowest frequency (1 Hz), obtained either after iontophoresis or following a 65-minute period of skin hydration were compared, it was found that the recovery 30 minutes after iontophoresis attained only approximately 10% to 20% of the value observed at the end of 65 minutes of simple hydration (data not shown). Parenthetically, it should be noted that the pH of the metal ion solutions examined in this work was never less than 5.5; that is, for all experiments, the concentration of H 3 O + was always at least 10 4 -fold smaller than the metal ion concentration and, in addition, the skin always retained its cation permselectivity and a net negative charge (15) .
The impedance spectra were used to generate modeldependent resistance and capacitance parameters characterizing the skin as an equivalent electrical circuit comprising a resistance (R) and a capacitance (C) in parallel (8) . The data were fitted to the following equation:
where f is the frequency (Hz) and R 1 is the resistance of the electrodes and buffer solutions in series with the parallel R-C circuit of the skin (16, 17) .
Plots of (Z real -R 1 ) -1 versus (2ʌf) 2 according to Equation 1 were used to calculate the capacitive and resistive components of the stratum corneum at t = 0 and t = 30 minutes after iontophoresis for both series of experiments. The R and C values (mean +/-SD) so determined (Table 1) The resistance parameter approximately doubled during the 30 minutes following termination of current flow. This recuperation was statistically significant (P < .05). On the other hand, the changes in capacitance observed 30 minutes postiontophoresis were too small to achieve statistical significance. Both findings concur with the results of previous, less detailed studies (11, 18) . Statistical analysis using ANOVA and the Fisher test (95% confidence interval) was performed on the R and C values obtained for each ion. There were no statistically significant differences between the uniand divalent ions, nor was there any apparent influence of ionic strength. Moreover, plots of the difference between the R values at t = 30 and t = 0 after iontophoresis (ǻR) and between the C values at those 2 time points (ǻC) versus the ionic radii, mobility, and molecular weight of the cations investigated ( Figures 3 and 4) do not highlight any effect of those parameters on the skin impedance recovery after iontophoresis.
It is important to point out that, in contrast to our earlier measurements (n = 2) (11), no differences were observed in the present work (n = 5) between the recoveries of skin impedance following iontophoresis in the presence of sodium and calcium ions. This difference may reflect the fact that we have now used a larger cohort of subjects in this more detailed study, allowing appropriate statistical comparisons between the R and C parameters derived from fitting the impedance data as a function of frequency to Equation 1.
In conclusion, it would appear that there are no ionspecific factors that directly influence the impedance drop observed during iontophoresis or the subsequent recovery. This is the case despite the sometimes wide differences in the physicochemical properties of the cations tested (size, mobility, ionic radii, transport number, etc.). It follows that, at least for the short period of iontophoresis evaluated here, there is no specific cation-dependent impact, either positive or negative, on the recovery of skin impedance. Clearly, however, the range of potential excipients that may contribute to the background electrolyte of an actual iontophoretic delivery system is much broader than the different metal cations examined here, and a systematic evaluation of additional formulation components is therefore warranted. 
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